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Chapter 1 General introduction 
 
 
1 Analytes 
1.1 Antimony  
 
Antimony is a metalloid element which belongs to subgroup 15 in the elemental 
periodic table. It is a natural occurrence element and ubiquitously present in aquatic 
environment as a result of natural process, such as rock weathering, soil runoff, 
atmospheric deposition, and human activities [1, 2]. Antimony exists mainly as 
antimony (V) and antimony (III) in environmental, biological and geochemical 
samples [1, 2]. Among the antimony species, soluble antimony occurs in the trivalent, 
pentavalent forms and organic antimony [3]. 
The world reserves of antimony are in excess of 2 million tons and located in many 
countries. Current world production of antimony is about 140,000 tons per year [1]. In 
the field of industry, for years, antimony is extensively used to produce the alloys for 
enhancing material strength [1]. Nowadays, antimony is used in large quantities as a 
fireproof additive in textile finishing, ceramics, semiconductors [3], battery grids, cable 
sheathing, and other industries [4], even the medicine field [1]. Those antimony related 
industries usually produce effluents or waste solids contaminated by antimony and its 
compounds. Almost 3.8×1010 g per year of antimony is released into environment 
from industries [5]. 
However, antimony and many of its compounds are toxic. Clinically, antimony 
poisoning is very similar to arsenic poisoning [6]. Toxicity of antimony depends on its 
chemical form. Toxicity of inorganic antimony is much greater than that of organic 
antimony species, and antimony (III) is about ten times more toxic than that of 
antimony (V) [1, 3, 7, 8]. Accordingly, antimony is listed as one of the thirteen pollutants 
of metal ions in the wastewater by the United States environment protection agency 
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(USEPA) from 1978. European Unions (EU) [1, 8, 9] also admits that antimony and its 
compounds should be considered to be prior pollutants interest. Being hazards 
pollutants, antimony and its species often cause serious human health concern and 
other environment problems [3, 4]. Therefore, the study of antimony species is very 
important for the environment concern because the toxicity, biological and 
electrochemical reactive behaviors of the element depends on its oxidation state. 
For a long time, as a metalloid element, antimony has received the scantiest 
attention [2]. However, in recent years, there has a growing concern over the adverse 
effect of antimony on human health and environment, due to its highly toxic and its 
increase in industrial use [3]. 
 
1.2 Tellurium 
 
Tellurium (Te) is extremely rare, one of the nine rarest metallic elements on earth 
[10, 11]. It is in the same chemical family as oxygen, sulfur, selenium, and polonium. 
With abundance in the Earth's crust even lower than platinum, tellurium is, apart from 
the precious metals, the rarest stable solid element in the Earth's crust. Its abundance 
in the Earth's crust is 1 to 5 ppb [11]. Tellurium is sometimes found in its native 
(elemental) form, but is more often found as the tellurides of gold (calaverite, 
krennerite, petzite, sylvanite, and others). Tellurium compounds are the most common 
chemical compounds of gold found in nature. Tellurium is also found combined with 
elements other than gold, in salts of other metals. The principal source of tellurium is 
from anode sludges produced during the electrolytic refining of blister copper [11]. In 
recent years, tellurium price was driven up by increased demand and limited supply. 
Tellurium is a p-type semiconductor that shows a greater conductivity in certain 
directions which depends on atomic alignment. Tellurium has various technical uses 
such as an additive in alloys, a secondary vulcanizing agent in various kinds of 
rubbers, a catalyst, in batteries and fuel cells and in the semiconductor and electronic 
industries because of its photoelectric properties and those of its compounds [11, 12]. 
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Tellurium and tellurium compounds are considered to be mildly toxic and need to be 
handled with care, although acute poisoning is rare. The increasing usage of tellurium 
in the semiconductor industry has increased the demand for environmental monitoring 
of tellurium [12]. 
 
 
2 Electrode substrate materials 
 
Choice of working electrode is a vital component for experiment. Traditionally, 
hanging mercury drop electrodes (HMDE) and mercury film electrodes (MFE) have 
been used as the working electrode for electrochemical stripping analysis of Sb [13-20] 
and Te [21-27]. However, the greatest drawback of mercury electrodes due to its toxicity 
is becoming increasingly significant in our environmentally conscious world.  
As a result, electrode materials that can potentially replace mercury are continually 
sought. Recently, bismuth-film electrodes (BFEs) have been established as an 
effective alternative to the use of the toxic mercury based electrodes for trace and 
ultratrace determination of metals by stripping voltammetry since it was first reported 
in 2000 [28]. The main advantages of BFEs are the negligible toxicity, their partial 
insensitivity to dissolved oxygen, their ability to operate in highly alkaline media and, 
in some cases, the better separation between peaks in stripping analysis [28, 29]. 
However, the utility of BFEs in voltammetric analysis are due to the property of 
bismuth to form ‘‘fused alloys’’ with heavy metals, which is analogous to the 
amalgams that mercury forms [28, 29]. Bismuth can normally be plated on various 
carbon substrates as mercury. Generally, there are three general methods of coating 
the substrate surface with a bismuth deposit. Two of them are often used, such as in 
situ plating and ex situ plating. In this study, in-situ plated bismuth-film on 
edge-plane graphite substrate was employed as working electrode for the 
determination of Sb, Te.  
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Edge plane pyrolytic graphite electrode is fabricated from highly ordered pyrolytic 
graphite (HOPG). In edge plane pyrolytic graphite electrode, the graphite layers lie 
vertical to the surface and with an interlayer spacing of 3.35 Å, as shown Fig.1 [30]. 
 
Fig.1 Arrangements of graphite layers in edge plane pyrolytic graphite electrode 
 
 
3 Voltammetric techniques used in this research 
3.1 Linear sweep voltammetry (CV) 
 
A simple potential wave form that is often used in electrochemical experiments is 
the linear wave form i.e., the potential is continuously changed as a linear function of 
time. The rate of change of potential with time is referred to as the scan rate (v). A 
commonly used variation of the technique is cyclic voltammetry. In this technique, 
the direction of the potential is reversed at the end of the first scan. Thus, the 
waveform is usually of the form of an isosceles triangle. This has the advantage that 
the product of the electron transfer reaction that occurred in the forward scan can be 
probed again in the reverse scan. In addition, it is a powerful technique for the 
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determination of formal redox potentials, detection of chemical reactions that precede 
or follow the electrochemical reaction and evaluation of electron transfer kinetics.  
 
3.2 Stripping voltammetry 
 
Stripping voltammetry has always been regarded as some of the most sensitive 
available for trace metals detection. Detection limits for metal ions at sub-ppb 
concentrations have been reported. Particularly, this technique is able to detect several 
metal ions simultaneously (up to 6, depending on the stripping potentials of the metals 
present), and in addition, different oxidation states of one particular metal can also be 
analyzed (speciation of the analytes).  
A number of different wave forms have been used for the stripping step, including 
Linear sweeping stripping voltammetry (LSSV), differential pulse stripping 
voltammetry (DPSV) and Osteryoung square wave stripping voltammetry (OSWSV). 
Osteryoung square wave voltammetry is related to both pulse techniques and A.C. 
voltammetric techniques. It is similar to DPSV in that the current response is a 
symmetric peak and that there is effective discrimination against background charging 
currents. Its chief advantages are greater sensitivity and faster speed. The potential 
wave form (see Fig.2) for OSWSV consists of a square wave superimposed on a 
staircase wave form. It can also be viewed as a series of pulse alternating in direction 
(hence, the relation to both pulse and A.C. techniques). The current is sampled at the 
end of each of the pulses (or half-cycles). The default current output is the difference 
current, but the forward current and reverse current can also be examined. For a 
reversible system, the reverse current is significant, so the difference current is greater 
than either the forward or reverse currents. This is one reason for the greater 
sensitivity of OSWSV compared with DPSV. In this research, OSWSV was employed 
in an anodic (OSWASV) and cathodic (OSWCSV) directions scan. 
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Fig.2 Potential wave form for OSWSV 
 
 
4 The aim of this thesis 
 
This research is aim to establish novel, sensitive and reliable methods for 
determination of trace and ultra-trace of Sb, Te and their species analysis, applying an 
in-situ Bi-film modified edge plane pyrolytic graphite electrode. By using OSWASV 
and OSWCSV techniques, those methods are extreme sensitive, and can be employed 
to determine Sb, Te in real samples. 
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Chapter 2 Antimony determination  
 
2-1 Determination of total antimony(III,V) by anodic stripping 
voltammetry with in-situ plated bismuth film electrode 
 
 
1 Introduction 
 
Electroanalytical methods have big advantages in metal ions, particularly in trace 
and ultra-trace amount of metal ions detections, with a high sensitivity, low detection 
limit, low costs, potable and simple operation, especially for analysis of various 
chemical oxidation states of metal ions (sepciation) and simultaneous analysis metal 
ions ( up to six metal ions [1], according to their stripping potentials). To date, 
antimony determination and speciation have been carried out mostly by anodic 
stripping voltammetry [2-8], polarogarphy [9-10], potentiometry [11] and adsorptive 
cathodic voltammetry [12-18], combined with various potential waveforms, pulse or 
constant current stripping on different mercury electrodes (HDME, SDME, GC-film 
[11], graphite-film [19], etc.), and a few on gold electrodes [20-21] (gold film and fibre), 
silver nanoparticle modified carbon electrode [22]. Some reports also show that 
antimony could be successfully determined and speciated in aqueous or nonaqueous 
matrices [23] with a detection limit at about ppb-level, or sub-ppb with a long analysis 
time. However, the toxicity of mercury and its salts also bring some environmental 
and health concern in the practice applications. Therefore, the more environmental 
friendly, less or non-toxic electrode, with better analytical performance such as higher 
sensitivity, lower detection limit, less history affect, easy to renew, etc., is highly 
prefer in recent years. 
As an alternative to mercury, in-situ or ex-situ bismuth-film electrodes have been 
used on such substrates as glassy carbon, pyrolytic graphite carbon and carbon paste, 
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being less toxic and excellent for analytical performance [24-28]. Bismuth, however, 
was oxidized at more negative potentials than copper, arsenic and antimony. It 
therefore has been considered that bismuth-based electrodes have some limitation for 
use of anodic stripping voltammetry for the determination of such metals that was 
oxidized at more positive potentials than bismuth: the available potential range 
(window) is relatively narrow. In this paper, we focused on the feasibility of total 
antimony determination with Bi-film modified edge plane pyrolytic graphite electrode. 
It is shown that a useful and reliable method was developed for antimony detection 
and determination. The electrochemical behavior of antimony in the presence of Bi 
(III), and the parameters, analytical performances, etc., were investigated. The 
successful applications to model and real sample analyses demonstrate the validation 
of the proposed method. 
 
 
2 Experimental 
 
A BAS Model CV-50 W voltammetric analyzer (Bioanalytical Systems, USA) was 
employed for measurements of cyclic voltammetry (CV) and Osteryoung Square 
Wave anodic stripping voltammetry (OSWASV). Unless otherwise stated, the settings 
for OSWASV measurements were as follows: 4 mV step potential; 25 mV square 
wave amplitude; 15 Hz frequency; 10 s rest period prior to anodic scan. The three 
electrode system consisted of an edge-plane pyrolytic graphite disk (3.0 mm diameter, 
BAS) working electrode, a platinum wire counter electrode, and a Ag/AgCl (sat. KCl) 
reference electrode.  
Prior to electrochemical measurement, the edge-plane graphite electrode was 
cleaned daily by polishing with aluminum oxide slurry and cleaned by distilled water 
and filter paper. The treated electrode was then immersed in 1.0 mol L-1 hydrochloric 
acid for 1 min, and rinsed with water. After voltammetric measurements, the working 
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electrode was treated as described above and reactivated each time by keeping the 
electrode potential at 800 mV for 30 s.  
All solutions were prepared with deionized and distilled water. The reagents used in 
this study were from Wako Pure Chemical Industries, Co. Ltd., Tokyo, Japan. The 
Sb(III) solution was prepared by diluting a 1000 mg L-1 standard for atomic 
spectroscopy with 0.1 mol L-1 hydrochloric acid. The Sb(V) solution was prepared by 
dissolving a definite amount of SbCl5 in 6 M hydrochloric acid. The stock Bi(III) 
solution was prepared by dissolving BiCl3 in 0.5 mol L-1 hydrochloric acid. The 
foreign metal ion solutions were prepared by diluting their standard solutions (1000 
mg L-1) with 0.1 mol L-1 hydrochloric acid; the chemical forms were AlCl3, Ca(NO3)2, 
MgCl2, NaCl, Cd(NO3)2, Co(NO3)2, NiCl2, MnCl2, Zn(NO3)2, Na2WO4.2H2O, 
NH4VO3, SnCl2, (NH4)6Mo7O24, Na2SeO3, Cu(NO3)2, HgCl2, Pb(NO3)2, As2O3, 
Fe(NO3)3, KH2PO4, (NH4)2SO4, and KNO3. All stock solutions were stored in a 
refrigerator at 2℃. 
Synthetic water samples (Model samples) were prepared from the standard Sb(III) 
or Sb(V) solution at different concentrations. After a coastal seawater sample (Mikuni, 
Fukui, Japan) was taken up, the samples were filtered with a 0.45-µm Nuclepore filter 
and then acidified to 2.0 mol L-1 hydrochloric acid. All samples were analyzed by the 
standard addition and background subtraction method. 
The established procedures for the determination of total antimony by OSWASV 
were set as follows: An aliquot (5.0 mL) of standard Sb(III) or Sb(V) or sample 
solution was placed into a 20.0-mL electrolytic glass cell; The reagent solutions were 
then added to the standard or sample solution, and the total volume of the test solution 
was finally made up to 10.0 mL with water; the equilibrium concentrations of added 
reagents except Sb(III) and Sb(V) were adjusted to 2.0 mol L-1 hydrochloric acid, 500 
µg L-1 Bi(III), 30 g L-1 potassium chloride solution, and 1.0 g L-1 L-cysteine; Before 
OSWASV measurements, the sample solution was purged by nitrogen for 600 s. The 
Sb(III) and Sb(V) was initially reduced at a potential of -400 mV for 180 s in a stirred 
solution; After 10 s rest period, OSWASV measurements were carried out by scanning 
the electrode potential from -400 to 800 mV in the positive direction.  
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3 Results and discussion 
3.1 Electrochemical behavior of antimony on the bismuth-film 
electrode 
 
The electrochemical behavior of electroactive antimony in hydrochloric acid on the 
in-situ bismuth-film modified edge plane graphite electrode was investigated by 
cyclic voltammetry and OSWASV, as shown in Fig.2-1. Fig.2-1 (A) shows that a 
well-defined bismuth stripping peak was obtained at about -100 mV, after adding 10 
µg L-1 Sb(V) a antimony stripping response appeared at 450 mV, and the former Bi 
peak was decreased and widened due to the presence of antimony. In our previous 
study both Sb(III) and Sb(V) anodic stripping signals appeared at about 450 mV.  
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In Fig.2-1 (B), in the absence of Bi(III), a very small stripping peak appeared due to 
Sb(V); however, after the addition of 500 µg L-1 Bi(III), the antimony stripping 
response was greatly enhanced. It, therefore, is evident that Bi-Sb alloys were formed 
on the edge plane graphite substrate at the deposition step, and the presence of Bi(III) 
improved the antimony stripping response on the electrode substrate. The stripping 
peak current observed at 450 mV was directly proportional to the initial concentration 
of total antimony taken at around µg L-1 concentration levels or below; the proposed 
OSWASV method enables determination of total antimony in natural waters.  
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Fig.2-1 Cyclic voltammograms (A) and OSWASV curves (B) for Sb determination. 
A (1) blank test (2.0 mol L-1 HCl + 5 g L-1 KCl); (2) (1) + 500 µg L-1 Bi (III); (3) (2) + 10 µg L-1 
Sb(V). Deposition potential, –400 mV; deposition time, 60 s; scan rate, 100 mV s-1. B (1) blank 
test (2.0 mol L-1 HCl + 5 g L-1 KCl); (2) (1) + 10 µg L-1 Sb(V); (3) (2) + 500 µg L-1 Bi (III). 
Deposition potential, –400 mV; deposition time, 60 s. 
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3.2 Experimental parameters 
3.2.1 Electrolyte 
 
The effect of hydrochloric acid concentration on the OSWASV peak currents of 
10.0 µg L-1 Sb(III) or Sb(V) was investigated. The results shown in Fig.2-2 (A) 
indicate that the peak currents gradually increased from 0.10 to 2.0 mol L-1 
hydrochloric acid and remained constant at hydrochloric acid concentrations between 
2.0 and 3.0 mol L-1. Perhaps due to the disassociation of functional chloride ions (Cl-) 
and/or H+ in solution, their small ion radius and high diffusion coefficient make the 
electrode process more reversible, and as well as provide a necessary acidity for 
keeping the analyte in free ions or some suitable forms, which make the antimony 
species more electroactive on the working electrode, resulting in the improvement of 
stripping signal. It was found that Sb(III) behaves as Sb(V), therefore the 
discrimination of Sb(III) and Sb(V) couldn’t be obtained at different acidity 
conditions. However, both Sb(III) and Sb(V) give excellent anodic stripping peaks at 
in-situ Bi-film graphite electrode at high HCl concentration. Thus, total antimony was 
determined in the presence of 2.0 mol L-1 hydrochloric acid.  
Fig.2-2 (B) indicates that the anodic stripping signal was enhanced as potassium 
chloride concentration up to 30.0 g L-1, and then the peak current remained constant. 
Chloride ions are known to stabilize metal ions and their species in bulk solution 
and/or at electrode surface, and tend to bind in the double layer around working 
electrode acting as a bridge between antimony ions and electrode, resulting in the 
electrode reaction more reversibly and readily. Therefore, the stripping peak currents 
were improved. In this study, 30.0 g L-1 potassium chloride was chosen as another 
electrolyte. 
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Fig.2-2 Effect of HCl and KCl concentration on anodic stripping peak-current. 
(A) 5 g L-1 KCl + 500 µg L-1 Bi(III) + 10 µg L-1 Sb(III) / 10 µg L-1 Sb(V). (B) 0.4 mol L-1 HCl + 
500 µg L-1 Bi(III) + 10 µg L-1 Sb(III). Deposition potential, -400 mV; deposition time, 180s. 
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3.2.2 Effect of Bi(III) and L-cysteine concentration  
 
The effect of Bi(III) concentration on the OSWASV peak currents of 10.0 µg L-1 
Sb(III) or Sb(V) was investigated in the range of 0 to 900 µg L-1. As seen from 
Fig.2-3, the peak currents were found to increase rapidly as Bi(III) concentration up to 
100 µg L-1, and then leveled off. Probably, The co-deposition with Bi(III) and the 
formation of Bi-Sb alloys, improved the conductivity of semimetal Sb and the 
electroactivity on the electrode resulting in the enhancement of anodic stripping 
response; however, the leveled off peak currents indicated a saturation coverage and 
formation of binary alloys on the electrode sites. In this study, 500 µg L-1 Bi(III) was 
added to test solutions.  
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Fig.2-3 Effect of Bi(III) concentration on anodic stripping peak-current. 
0.4 mol L-1 HCl + 30 g L-1 KCl + 10 µg L-1 Sb(III); 2.0 mol L-1 HCl + 30 g L-1 KCl + 10 µg L-1 
Sb(V). Deposition potential, -400 mV; deposition time, 180 s. 
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The effect of L-cysteine concentration on the antimony peak current was 
investigated in the range of 0.05 to 2.0 g L-1 against 10.0 µg L-1 Sb(III). As shown in 
Fig.2-4, the peak current gradually decreased as increasing the L-cysteine 
concentration. Addition of L-cysteine as a complexing agent was found to split a 
composite peak due to the oxidation of antimony and bismuth into two and separate 
peaks. However, L-cysteine is not only reductive, but also a ligand, it can form 
complexations with Bi(III) and antimony [29], can stabilize the analyte in solution and 
decrease its stripping signals at working electrode. Higher L-cysteine concentration 
showed a reverse effect on peak height, even showed a reduction from itself on 
working electrode, but it also gives a better reproducibility in the replicate 
experiments. 1.0 g L-1 of L-cysteine was recommended in this work. 
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Fig.2-4 Effect of L-cysteine concentration on anodic stripping peak-current. 
0.4 mol L-1 HCl + 30 g L-1 KCl + 500 µg L-1 Bi(III) + 10 µg L-1 Sb(III). Deposition potential, -400 
mV; deposition time, 180s. 
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3.2.3 Effect of deposition potential and deposition time 
 
The effect of deposition potential on the antimony peak currents was investigated in 
the range of -100 mV to -600 mV. The results shown in Fig.2-5 (A) indicate that the 
antimony peak currents gradually increased with decreasing deposition potentials 
below -400 mV. And a decrease tendency was also obtained with the deposition 
potential shifted more negative from -400 mV to -600 mV. A suitable negative 
deposition potential is attributed to more antimony co-deposited with Bi (III) on the 
electrode, therefore, it reasonably enhances the stripping current. However, over 
negative deposition potential is also easy to show a suppressing effect on the anodic 
stripping response for Sb although it enhances the Bi stripping signal. Evidently, a 
competition for the electrode sites between the two metal ions is encountered in the 
co-deposition step.  
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Fig.2-5 Effect of deposition potential (A) and deposition time (B). 
0.4 mol L-1 HCl + 30 g L-1 KCl + 500 µg L-1 Bi(III) + 10 µg L-1 Sb(III) + 1.0 g L-1 L-cysteine; 2.0 
mol L-1 HCl + 30 g L-1 KCl + 500 µg L-1 Bi(III) + 10 µg L-1 Sb(V) + 1.0 g L-1 L-cysteine. (A) 
Deposition time, 180 s; (B) Deposition potential, -400 mV.  
 
The effect of deposition time on the peak currents was also investigated in the 
range of 60 to 360 s. The results shown in Fig.2-5 (B) indicate that the antimony peak 
currents increased linearly as the deposition time increased. In this study, we chose a 
deposition potential of -400 mV and a deposition time of 180 s, respectively. 
 
3.3 Calibration curve and detection limit  
 
The calibration curves for the determination of antimony were obtained with 2.0 
mol L-1 hydrochloric acid. As can be seen from Fig.2-6, the linear relationships held 
over the concentration ranges of 0.01 ~ 0.10 µg L-1, 0.10 ~ 1.0 µg L-1 and 1.0 ~ 18.0 
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µg L-1 with correlation coefficients higher than 0.995. The relative standard deviation 
was 5% (n = 6) for 0.10 µg L-1 Sb(V) solution. The detection limit based on 3σmethod 
from a calibration point at 0.01 µg L-1 antimony was 5.0 ng L-1 at 180 s deposition 
time.  
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Fig.2-6 Calibration curves for Sb(V) determination. 
2.0 mol L-1 HCl + 30 g L-1 KCl + 500 µg L-1 Bi(III) + 1.0 g L-1 L-cysteine. Deposition potential, 
–400 mV; deposition time, 180 s. 
 
3.4 Interference 
 
The effect of foreign ions on the OSWASV determination of 1.0 µg L-1 Sb(III) or 
Sb(V) by the proposed method was investigated at a range of concentrations. Table 
2-1 summarizes the tolerance amounts that 1.0 µg L-1 Sb(III) or Sb(V) could be 
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determined within ±10%. The tolerance levels were 2.0 µg L-1 for Se(IV), 30 µg L-1 
for As(III), 100 µg L-1 for Cu(II), 200 µg L-1 for Pb(II), and 500 µg L-1 for Hg(II), 
V(V), Mo(VI), respectively. There was no interference from Na(I), K(I), Mg(II), 
Al(III), Ca(II), Ni(II), Cd(II), Mn(II), Zn(II), Co(II), Sn(II), W(VI), Fe(III) at 
1000-fold amounts excess over Sb(III) or Sb(V). Such anions as NO3-, PO43-, and 
SO42- had no effect at 1.0 mg L-1, 3.0 mg L-1, and 5.0 mg L-1, respectively.  
 
Table 2-1 Interferences of foreign ions 
 
Foreign inorganic ions Tolerance limit (µg L-1)a, b 
Se(IV) 2 
As(III) 30 
Cu(II) 100 
Pb(II) 200 
Hg(II),V(V), Mo(VI) 500 
a 1.0 µg L-1 Sb(III) or Sb(V) taken. 
b Within ±10% error. 
 
3.5 Sample analyses 
 
Under the recommended conditions, the proposed method was validated by 
recovery tests in synthetic samples and was also applied to natural sample analysis. 
The standard addition method and background subtraction method was used for 
recovery test and real sample analyses. Good recovery percentages above 96% were 
obtained with synthetic samples (Model 1-5) involving a known amount of Sb(III) or 
Sb(V), as can be seen from Table 2-2. Coastal sea water (Mikuni, Fukui, Japan) was 
analyzed on four replicate determinations to evaluate the present method. The typical 
OSWASV curves obtained for the determination of total antimony in the sea water are 
shown in Fig.2-7. The analytical results were 0.262 ± 0.02 µg L-1 Sb for the sea water 
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and 0.625 ± 0.03 µg L-1 for the sea water spiked 0.340 µg L-1 Sb(V), respectively (see 
Table 2-2). The proposed method is so sensitive and reliable that total antimony in 
natural samples can be determined with good results. 
 
Fig.2-7 OSWASV curves obtained for total antimony determination in seawater. 
(1) 2.0 mol L-1 HCl + 30 g L-1 KCl + 1.0 g L-1 L-cysteine; (2) (1) + 500 µg L-1 Bi(III); (3) (2) + 
seawater (spiked 0.340 µg L-1 Sb(V)); (4-6) (3) + successive addition of 0.1 µg L-1 Sb(V). 
Deposition potential, –400 mV; deposition time, 180 s. 
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Table 2-2  Analytical results of Sb(III, V) determination in synthetic and real water samples 
 
 Samples 
Spiked Sb(III) or Sb(V) 
in samples (µg L-1) 
Experimental results
 (µg L-1) 
Recovery 
(%) 
Correlation 
coefficient (r2) 
Sb(III) Model 1 0.050 0.0496 99 0.9984 
Model 2 0.200 0.2125 106 0.996 
Model 3 0.400 0.3920 98 0.995 
Model 4 0.040 0.0406 102 0.9965 
Sb(V) 
Model 5 0.200 0.1926 96 0.9998 
Sb(III, V) --- 0.262 ± 0.02 --- 0.9998 
 
Seawater 
0.340a 0.625 ± 0.03 --- 0.9995 
a 0.340 µg L-1 standard solution of Sb(V). 
 
 
4 Summary 
 
Traces of total antimony could be determined by the proposed OSWASV method 
using the bismuth co-deposition onto an edge-plane pyrolytic graphite substrate. The 
anodic stripping response for antimony at 450 mV was enhanced significantly on 
bismuth film electrode, which enables the determination of total antimony at ppt 
concentration levels. The optimum conditions for determination of total antimony 
included hydrochloride acid 2.0 mol L-1, potassium chloride 30 g L-1, bismuth 500 µg 
L-1 and deposition potential of -400 mV. The synthetic samples and coastal sea water 
could be analyzed with satisfactory results. 
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Chapter 3 Antimony determination and speciation  
 
3-1 Determination of antimony (III) and (V) in nature water by 
cathodic stripping voltammetry with in-situ plated bismuth film 
electrode 
 
 
1 Introduction  
 
Antimony toxicity depends on its chemical form and oxidation state [1, 2], and the 
determination of the total concentration of antimony is not sufficient for a sound risk 
assessment to be performed. Therefore, the speciation of antimony is required. For 
this purpose, a variety of methods have been developed and well established for the 
determination of antimony. They include neutron activation analysis (NAA), 
microwave induced emission spectrometry (MIES), hydride generation atomic 
absorption spectrometry (HG-AAS), inductively coupled plasma-atomic emission 
spectrometry (ICP-AES), inductively coupled plasma-mass spectrometry (ICP-MS), 
and scanning electron microscopy (SEM) [2-6]. Most of them are based on the selective 
production and analysis of volatile stibine (SbH3) and are suitable for total antimony 
measurement but mostly not for antimony speciation. 
A variety of electrochemical methods have also been used for the determination of 
total antimony in natural water samples [2-21]. However, very few attempts have been 
made so far to apply them to the study of antimony speciation by using different 
mercury electrodes [1-2, 19-21]. As an alternative for mercury electrode, bismuth 
electrodes received extensive attention in analysis [22]. It has been used in anodic 
stripping, adsorptive stripping, and cathodic stripping voltammetry[23-26]. To date, 
however, there is no report about antimony speciation with bismuth related electrodes. 
This paper describes a sensitive and simple method for the determination of Sb(III) 
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and Sb(V) using in situ bismuth film electrode by Osteryoung Squre Wave cathodic 
stripping voltammetry (OSWCSV). This method is based on the well-known 
discrimination between oxidation states obtained by adjusting pH conditions. 
Experimental parameters, calibration curves, detection limit, reproducibility, 
interferences from foreign ions, and sample analyses are discussed. 
 
 
2 Experimental  
 
All chemicals used were of analytical reagent grade, and all solutions were 
prepared with deionized and distilled water. Bi(III) stock solution was prepared by 
dissolving solid BiCl3 in 0.5 mol L-1 hydrochloric acid solution. The Sb(III) solution 
was prepared by diluting a 1000 mg L-1 standard for atomic spectroscopy with 0.1 mol 
L-1 hydrochloric acid. A 1000 mg L-1 stock solution of Sb(V) was prepared by 
dissolving a definite amount of SbCl5 in 6 M hydrochloric acid. The other metal ion 
solutions were prepared by diluting their standard solutions (1000mg L-1, Wako Pure 
Chemical Industries, Co. Ltd. Tokyo, Japan) with 0.1 mol L-1 hydrochloric acid 
solution. All the stock solutions were stored in refrigerator at 2 °C. 
A BAS Model CV-50W Voltammetric Analyzer (Bioanalytical system, USA) was 
employed for measurements of cyclic voltammetry (CV) and Osteryang square wave 
voltammetry (OSWV). Unless otherwise stated, the settings for OSWV measurements 
were as follows: 4 mV step potential; 25mV square wave amplitude; 15 Hz frequency; 
10 s quiet time. An edge-plane pyrolytic graphite disk as working electrode substrate, 
a platinum wire counter electrode and a Ag/AgCl (sat. KCl) reference electrodes from 
BAS were used. 
The edge-plane graphite electrode surface was polished initially with aluminum 
oxide (Al2O3, Wako Pure Chemical industries, Co. Ltd.) slurry and cleaned by distilled 
water and filter paper, then immersed in 1.0 mol L-1 HCl solution for 1 min, finally 
washed with deionized and distilled water again. After each voltammetric 
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determination, the working electrode was only cleaned and reactivated again at 800 
mV for 30 s until it was fouled or failed in experiment. 
All the experiments were carried out at a request potential scan range in a negative 
direction, in 10 ml electrochemical analysis cell, containing diluted hydrochloric acid, 
Bi(III) and / or Sb according to the experimental requests. The Sb(III) / Sb(V) was 
initially reduced at a potential of -500 mV for 30 s in a stirred and non-deaerated 
solution. After 10 s quiet time, the electrode potential was scanned from -500 mV to 
-1400 mV to the negative direction. 
The real sample of seawater (Mikuni, Fukui, Japan) and river water (Kuzuryu, 
Fukui, Japan) for Sb(III) / Sb(V) analysis was filtered through a 0.45 µm Nuclepore 
filter and acidified by 0.1 mol L-1 / 0.6 mol L-1 HCl including, then 5.0 ml of the real 
sample was introduced into 5.0 ml blank solution for analysis with the same final 
contents of 100 µg L-1 Bi(III) and 10 g L-1 KCl. All samples were analyzed by 
standard addition and background subtraction method. 
 
 
3 Results and discussion  
3.1 Electrochemical behavior of antimony on the bismuth–film 
electrode 
 
The electrochemical nature of a catalytic hydrogen wave due to Sb(III) was 
investigated by cyclic voltammetry (CV). Fig.3-1(1,2) depicts a typical CV curves 
obtained for 0.1 mol L-1 hydrochloric acid and the blank solution containing 100 µg 
L-1 Bi(III) in the same acid solution, respectively. When the potential was scanned to a 
negative direction after 30 s preconcentration at -400 mV, a small cathodic response 
due to Bi(III) was observed at about -1150 mV before final rise of hydrogen reduction 
wave. As shown in Fig.3-1(3), with the addition of 1.0 µg L-1 Sb(III) to the blank 
solution, the hydrogen catalytic peak increased obviously. Our preliminary studies 
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showed that there was no antimony cathodic response observed at about -1150 mV in 
the absence of Bi(III). 
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 Fig.3-1 Cyclic voltammograms. 
(1) 0.1 mol L-1 HCl, (2) (1) + 100 µg L-1 Bi(III), (3) (2) + 1 µg L-1 Sb(III). Deposition potential, 
-400 mV; deposition time, 30 s; scan rate (mV s-1), 100.  
 
 
In order to clarify the electrode process of the cathodic hydrogen wave, the effect of 
scan rate (v) on the peak current (Ip) was investigated. The results show that there was 
a linear relationship between |Ip| and v1/2 and no zero intercept (|Ip| = 2.7636 v1/2 + 
11.839, r2 = 0.9968) demonstrated a typical irreversible and catalytic behavior of 
antimony. The dependence of (|Ip| / v1/2) on the scan rate is used as a diagnostic test for 
catalytic reactions [31]. The value of |Ip| / v1/2 is supposed to decrease with increasing 
scan rate in the range of 25-600 mV s-1 (Fig.3-2). The enhanced cathodic peak due to  
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 Fig.3-2 Effect of scan rates on | Ip | / v1/2. 
(1) 0.1 mol L-1 HCl, (2) (1) + 100 µg L-1 Bi(III), (3) (2) + 1 µg L-1 Sb(III). Deposition potential, 
-400 mV; deposition time, 30 s. 
 
Sb(III) at -1150 mV, therefore, is considered to have a nature of catalytic electrode 
process. 
Osteryoung square wave cathodic stripping voltammetry (OSWCSV) was 
employed for the determination of Sb(III) at ppt-level. As shown in Fig.3-3, 
well-defined and characteristic catalytic stripping peaks was directly proportional to 
the antimony concentration. This indicates that the proposed OSWCSV method 
enables determination of traces of antimony.  
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 Fig.3-3 OSWCSV curves. 
(1) 0.1 mol L-1 HCl + 10 g L-1 KCl, (2) (1) + 100 µg L-1 Bi(III), (3) (2) + 10 ng L-1 Sb(III), (4) (2) 
+ 50 ng L-1 Sb(III), (5) (2) + 0.1 µg L-1 Sb(III). Deposition potential, -500 mV; deposition time, 30 
s. 
 
3.2 Effect of hydrochloric acid and potassium chloride concentration 
 
The supporting electrolyte most often applied for the voltammetric determination 
of antimony was a hydrochloric acid solution or a mixture of hydrochloric acid and 
potassium chloride. The well-known strong dependence of the catalytic peak current 
due to Sb(III) and Sb(V) on the acid concentration was established to determine the 
antimony present in both oxidation states. Therefore, the influence of hydrochloric 
acid and potassium chloride concentration upon the analytical signal was examined. 
Fig.3-4(A) depicts the variation of catalytic response of Sb(III) and Sb(V) in the 
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presence of hydrochloric acid concentration. For Sb(III), the stripping signal reached 
the maximum at a HCl concentration of 0.1 mol L-1, then decreased along with the 
increasing of HCl concentration, and Sb(III) was completely electroinactive with the 
presence of HCl in range of 0.4-0.8 mol L-1. In the other hand, Sb(V) was not 
electroinactive at all the acidities considered. There was no Sb(V) catalytic signal 
observed at low concentration of HCl, however, the catalytic response appeared at a 
HCl concentration of 0.2 mol L-1 and became constant ranging from 0.3 to 0.8 mol 
L-1. According to Fig.3-4(A), the determination of Sb(III) and Sb(V) was carried out 
at 0.1 mol L-1 and 0.6 mol L-1, respectively. The addition of potassium chloride 
showed an increased response in the range of 0-10 g L-1, and a constant from 10 to 
30 g L-1, as shown in Fig.3-4(B). Further measurements were carried out with a KCl 
concentration of 10 g L-1. 
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 Fig.3-4 Effect of HCl and KCl concentration on OSWCSV peak current. 
(A) 100 µg L-1 Bi(III) + 1 µg L-1 Sb(III) / Sb(V); (B) 0.1 mol L-1 HCl + 100 µg L-1 Bi(III) + 1 µg 
L-1 Sb(III); 0.6 mol L-1 HCl + 100 µg L-1 Bi(III) + 1 µg L-1 Sb(V). Deposition potential, -400 mV; 
deposition time, 30 s. 
 
3.3 Effect of Bi (III) concentration 
 
The influence of bismuth concentration on the OSWCSV peak current was 
examined. Fig.3-5 shows the peak current for 1.0 µg L-1 Sb(III) / Sb(V) in the 
presence of different concentrations of Bi(III). The antimony peak was found to 
decrease as increasing bismuth concentration from 10 µg L-1 to 500 µg L-1. The 
addition of Bi(III) at higher concentrations decreased the reduction and adsorption of 
antimony species on to electrode surface, which resulted in decrease of the stripping 
signal due to antimony. Furthermore, our preliminary studies showed that no 
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OSWCSV response was observed in the absence of Bi(III). All subsequent 
experiments were conducted using a Bi(III) concentration of 100 µg L-1. 
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Fig.3-5 Effect of Bi(III) concentration on OSWCSV peak current. 
0.1 mol L-1 HCl + 10 g L-1 KCl + 1 µg L-1 Sb(III); 0.6 mol L-1 HCl + 10 g L-1 KCl + 1 µg L-1 
Sb(V). Deposition potential, -400 mV; deposition time, 30 s. 
 
3.4 Effect of deposition potential and deposition time 
 
The effect of deposition potential on OSWCSV peak current was investigated in the 
range of -100 mV to -800 mV vs. Ag/AgCl. Variation of the deposition potential 
showed (Fig.3-6(A)) that the height of the antimony peak reached its maximum value 
at -500 mV and then decreased sharply at more negative potential. The effect of 
deposition time on peak current was also observed in the range of 10-60 s, as shown 
in Fig.3-6(B). Variation of deposition time indicated that increase of the peak current 
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was linear. Longer deposition times result in much more adsorption of antimony 
species on the working electrode, improving the analytical sensitivity and therefore 
enabling ultra-traces of antimony determination. In this study, a deposition potential 
of -500 mV and a deposition time of 30 s were chosen. 
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 Fig.3-6 Effect of deposition potential and deposition time on OSWCSV peak current. 
0.1 mol L-1 HCl + 10 g L-1 KCl + 100 µg L-1 Bi(III) + 1 µg L-1 Sb(III); 0.6 mol L-1 HCl + 10 g L-1 
KCl + 100 µg L-1 Bi(III) + 1 µg L-1 Sb(V). (A) deposition time, 30 s. (B) deposition potential, 
-500 mV.  
 
3.5 Calibration curve and detection limit 
 
Using the optimized experimental conditions very sensitive measurements of 
antimony can be performed. Calibration curves for antimony determination were 
constructed by OSWCSV at different deposition time.  
For Sb(III) (see Fig.3-7(A)), with 30 s deposition time, two linear concentration 
ranges were observed as like 0.01 ~ 0.10 µg L-1 (r2 = 0.9961) and 0.10 ~ 1.0 µg L-1 
( r2 = 0.9922). The detection limit calculated as 3σ from a calibration point at 10 ng 
L-1 of Sb(III) was 2 ng L-1 for a deposition time of 30 s, and the relative standard 
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deviation was 4% (n = 5) for a solution with 0.1 µg L-1 of Sb(III). The calibration 
curve (Fig.3-7(B)) obtained with a shorter deposition time of 10 s. Sb(III) can be 
determined over the concentration range of 1.0 ~ 12.0 µg L-1 (r2 = 0.9974), and the 3σ 
detection limit was 0.08 µg L-1.   
In the case of Sb(V) (see Fig.3-8(A)), calibration curves were achieved over the 
concentration ranges of 0.01 ~ 0.20 µg L-1 (r2 = 0.9911) and 0.2 ~ 0.8 µg L-1 (r2 = 
0.9968) with 30 s deposition time. The detection limit was 2 ng L-1 for a deposition 
time of 30 s, and the relative standard deviation was 3% (n = 5) for a solution with 0.1 
µg L-1 of Sb(V). And the calibration curve (Fig.3-8(B)) obtained with a shorter 
deposition time of 10 s. Sb(V) can be determined over the concentration range of 1.0 
~ 7.0 µg L-1 (r2 = 0.9938), and the 3σ detection limit was 0.018 µg L-1.   
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 Fig.3-7 Calibration curves for Sb(III) determination by OSWCSV with deposition time. 
(A) 30 s and (B) 10 s. 0.1 mol L-1 HCl + 10 g L-1 KCl + 100 µg L-1 Bi(III); deposition potential, 
-500 mV.  
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 Fig.3-8 Calibration curves for Sb(V) determination by OSWCSV with deposition time. 
(A) 30 s and (B) 10 s. 0.6 mol L-1 HCl + 10 g L-1 KCl + 100 µg L-1 Bi(III); deposition potential, 
-500 mV.  
 
3.6 Interference  
 
The effect of foreign ions on the OSWCSV determination of 1.0 µg L-1 Sb(III) / 
Sb(V) by the proposal method was investigated at a range of concentrations, as shown 
in Table 3-1. The tolerance levels were 0.5 µg L-1 for Cu(II), and 1 µg L-1 for Fe(III), 
respectively. There was no interference from Pb(II) and Cd(II) at 10-fold amounts 
excess over antimony, from Hg(II) and Sn(II) at 20-fold, from Mn(II), Se(IV) and 
As(III) at 50-fold, and from V(V) at 70-fold. No interference was also observed for 
Na(I), Mg(II), Al(III), Ca(II), Zn(II), Co(II), Ni(II), Mo(VI), and W(VI) at 1000-fold 
amounts. Such anions as NO3- and SO42- had no effect up to 1.0 mg L-1, H2PO4- 0.5 
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mg L-1, and NH4+ 0.1 mg L-1. The presence of L-cysteine, sodium dodecylbenzene 
sulfonate, polyethyleneglycol mono-p-nonylpheny ether, and EDTA were permissible 
at 0.1 mg L-1, 0.3 mg L-1, 1 mg L-1, and 10 mg L-1, respectively. The presence of most 
organic compounds should be avoided for real sample analysis. The presence of Sb(V) 
up to 10µg L-1 was tolerance for the determination of 1.0 µg L-1 Sb(III), and the 
presence of Sb(III) up to 10µg L-1 was tolerance for the determination of 1.0 µg L-1 
Sb(V). The two oxidation states of antimony showed no interference form each other. 
 
Table 3-1 Interferences of foreign ions 
 
Foreign inorganic ions Tolerance limit (µg L-1)a, b 
Cu(II) 0.5 
Fe(III) 1 
Pb(II), Cd(II) 10 
Hg(II), Sn(II) 20 
Mn(II), Se(IV), As(III) 50 
V(V) 70 
a 1.0 µg L-1 Sb(III) or Sb(V) taken. 
b Within ±10% error. 
 
3.7 Sample analyses 
 
At established experimental parameters, the optimized OSWCSV method was 
adapted for real sample analyses by standard addition and background subtraction 
method. To validate the method the spiked river water samples (Kuzuryu, Fukui, 
Japan) were analyzed. Good agreement was obtained between the spiked 
concentration and the value obtained by the presented method in this paper (see Table 
3-2). Table 3-2 also summarizes the analytical results of antimony speciation (Sb(III) 
and Sb(V)) in coastal sea water (Mikuni, Fukui, Japan) on four replicate analyses. The 
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analytical results for Sb(III) and Sb(V) in seawater were estimated to be 0.049 ± 0.001 
µg L-1 and 0.199 ± 0.003 µg L-1, respectively. The typical OSWCSV curves obtained 
for antimony determination of seawater are shown in Fig.3-9. The proposed method 
could be used to the speciation analysis of natural water samples with satisfactory 
results. 
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 Fig.3-9 OSWCSV curves for Sb(V) determination of seawater. 
(1) 0.6 mol L-1 HCl + 10 g L-1 KCl, (2) (1) + 100 µg L-1 Bi(III), (3) (2) + seawater, (4-6) (3) + 
addition of 40 ng L-1 Sb(V). Deposition potential, -500 mV; deposition time, 30 s. 
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Table 3-2 Analytical results of Sb(III) and Sb(V) determination in real water samples 
 
Samples 
Spiked Sb(III) in samples 
(µg L-1) 
Sb(III) found 
(µg L-1) 
Spiked Sb(V) in samples 
(µg L-1) 
Sb(V) found 
(µg L-1) 
4.000 4.037±0.008b 4.000 4.095±0.004b 
4.000 4.033±0.006b 0.400 0.492±0.005a 
River 
water 
0.400 0.432±0.01a 4.000 4.089±0.004b 
0.400 0.449 ± 0.001a -- -- 
-- -- 0 0.199 ± 0.003aSeawater 
-- -- 4.000 4.201 ± 0.02b 
a 30 s deposition time. 
b 10 s deposition time. 
 
 
4 Summary 
 
The proposed OSWCSV method enables antimony speciation at the trace levels by 
utilizing the co-deposition of Bi(III) and antimony onto the edge-plane pyrolytic 
graphite substrate. The detection limit was estimated to be 2 ng L-1 Sb(III) / Sb(V) 
based on the 3σ method with 30 s deposition time. The coastal seawater and river 
water samples could be analyzed with good results.  
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Chapter 4 Tellurium determination 
 
 
Introduction 
 
The increasing usage of tellurium in the semiconductor industry has increase the 
demand a useful method for environmental monitoring of tellurium [1]. Until now, a 
great variety of analytical methods have been developed for Te(IV) determination 
which include neutron activation analysis, hydride-generation flameless atomic 
absorption spectrometry, non-dispersive atomic fluorescence spectrometry [3-9], 
electrochemical methods like differential pulse polarography, anodic and cathodic 
stripping voltammetry [1-2, 10-16]. Most of the electrochemical methods have used 
mercury-based electrodes such as a hanging mercury dropping electrode, dropping 
mercury electrode, and a mercury film modified electrode. Due to high toxicity and 
protection of environmental pollution, however, mercury-based electrodes should be 
restricted for their use in electrochemical analysis. Gold electrode and glassy carbon 
electrode were used for tellurium determination by anodic stripping voltammetry [2, 
15].  
Recently, in-situ bismuth-film electrodes as an alternative to mercury have been 
used in anodic stripping [17-19], adsorptive stripping [20-21], and cathodic stripping 
voltammetry [22]. However, there is no report about tellurium determination with 
bismuth-related electrodes.  
In this article, Osteryoung square-wave cathodic stripping voltammetry (OSWCSV) 
and Osteryoung square-wave anodic stripping voltammetry (OSWASV) methods are 
described for the determination of traces of Te(IV) in aqueous medium with in-situ 
deposited bismuth on the edge plane graphite substrate. The optimum experimental 
parameters are investigated for the determination of Te(IV) and the applications of 
this proposed method are demonstrated. 
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4-1 Determination of tellurium (IV) by cathodic stripping 
voltammetry with in-situ plated bismuth film electrode 
 
 
1 Experimental 
 
All chemicals used were of analytical reagent grade, and all solutions were 
prepared with deionized and distilled water. The Bi(III) stock solution was prepared 
by dissolving BiCl3 (Wako Pure Chemical Industries, Co. Ltd., Tokyo, Japan) in 0.5 
mol L-1 hydrochloric acid. The other metal ion solutions were prepared by diluting 
their standard solutions (1000 mg L-1) with 0.01 mol L-1 hydrochloric acid. All the 
stock solutions were stored in refrigerator at 2 °C. 
A BAS Model CV-50W voltammetric analyzer (Bioanalytical system, USA) was 
employed for measurements of cyclic voltammetry (CV) and Osteryang square wave 
cathodic stripping voltammetry (OSWCSV). Unless otherwise stated, the settings for 
OSWCSV measurements were as follows: 4 mV step potential; 25mV square wave 
amplitude; 15 Hz frequency; 10 s rest time prior to cathodic scan. An edge-plane 
pyrolytic graphite disk (3.0 mm diameter, BAS) as working electrode substrate. A 
platinum wire counter electrode and a Ag/AgCl (sat. KCl) reference electrode were 
also used. 
The edge-plane graphite electrode surface was cleaned by polishing with aluminum 
oxide slurry and next with a piece of filter paper. The treated electrode was then 
immersed in 1.0 mol L-1 hydrochloric acid for 1min, and rinsed with water. After each 
voltammetric measurements, the working electrode was treated as described above 
and reactivated each time at 800 mV for 30 s.  
The established procedures for the determination of Te(IV) by OSWCSV were set 
as follows: an aliquot (5.0 mL) of standard Te(IV) or sample solution was placed into 
a 10-mL cell; the reagent solutions were then added to the test solution, and the total 
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volume was finally made up to 10.0 mL with water; the equilibrium concentrations of 
added reagents except Te(IV) were adjusted to 0.02 mol L-1 hydrochloric acid, 100 µg 
L-1 Bi(III), 20 g L-1 potassium chloride solution; The Te(IV) was initially reduced at a 
potential of -400 mV for 30 s in a stirred and non-deaerated solution; After 10 s rest 
time, OSWCSV measurements were carried out by scanning the electrode potential 
from -600 to -1400 mV to the negative direction. 
Synthetic water samples (Model samples) were prepared from the standard Te(IV) 
solutions at different concentrations. A coastal seawater (Mikuni, Fukui, Japan) and a 
river water sample (Kuzuryu, Fukui, Japan) samples were taken up, the samples were 
filtered through a 0.45 µm membrane filter and acidified to 0.02 mol L-1 hydrochloric 
acid. All samples were analyzed by the standard addition and background subtraction 
method. 
  
 
2 Results and discussion   
2.1 Electrochemical behavior of tellurium on the bismuth–film 
electrode 
 
The electrochemical nature of a catalytic hydrogen wave due to Te(IV) was 
investigated by cyclic voltammetry (CV). Fig.4-1(1,2) depicts typical CV curves 
obtained for 0.2 mol L-1 hydrochloric acid and the blank solution containing 100 µg 
L-1 Bi(III) in the same acid solution, respectively. When the potential was scanned to a 
negative direction after 30 s preconcentration at -400 mV, a small cathodic response 
due to Bi(III) was observed at about -1100 mV vs. Ag/AgCl before the final rise of 
hydrogen reduction wave. With the addition of 10 µg L-1 Te(IV) to the blank solution, 
the hydrogen catalytic peak increased obviously, as shown in Fig.4-1(3). However, 
when the potential was scanned to the positive direction, there was no any oxidation 
peak, which indicates that the electrochemical behavior of tellurium on bismuth-film 
electrode is a totally irreversible electrode process. Our preliminary studies showed 
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that there was no cathodic response due to Te(IV) observed at about -1100 mV 
without Bi(III). 
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Fig.4-1 Cyclic voltammograms. 
(1) 0.2 mol L-1 HCl, (2) (1) + 100 µg L-1 Bi(III), (3) (2) + 10 µg L-1 Te(IV); deposition potential, 
-400 mV; deposition time, 30 s; scan rate (mV s-1), 100.  
 
In order to clarify the electrode process of a cathodic hydrogen wave, the effect of 
scan rate (v) on the peak current (Ip) was investigated. The results showed that there 
was a linear relationship between |Ip| and v1/2 but no zero intercept (|Ip| = 2.754 v1/2 + 
2.3579, r2 = 0.9974), suggesting a typical irreversible and catalytic behavior of 
tellurium. The dependence of |Ip| / v1/2 on the scan rate is used as a diagnostic test for 
catalytic reactions. The value of |Ip| / v1/2 which decreased with increasing scan rate in 
the range of 50-400 mV s-1 (Fig.4-2) indicates that a catalytic hydrogen evolution 
involves in the characteristic cathodic peak. 
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Fig.4-2 Effect of scan rates on | Ip | / v1/2. 
(1) 0.2 mol L-1 HCl, (2) (1) + 100 µg L-1 Bi(III), (3) (2) + 10 µg L-1 Te(IV); deposition potential, 
-400 mV; deposition time, 30 s. 
 
Osteryoung square wave cathodic stripping voltammetry (OSWCSV) was 
employed for the determination of Te(IV) in aqueous media at ppt concentration 
levels. As depicted in Fig.4-3, the catalytic stripping peak was directly proportional to 
the Te(IV) concentration initially taken. This indicates that the proposed OSWCSV 
method enables determination of traces of Te(IV) in natural waters. 
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Fig.4-3 OSWCSV curves. 
(1) 0.02 mol L-1 HCl + 20 g L-1 KCl, (2) (1) + 100 µg L-1 Bi(III), (3) (2) + 10 ng L-1 Te(IV), (4) (2) 
+ 50 ng L-1 Te(IV), (5) (2) + 0.1 µg L-1 Te(IV); deposition potential, -400 mV; deposition time, 30 
s. 
 
2.2 Effect of hydrochloric acid and potassium chloride concentration 
 
The effect of hydrochloric acid and potassium chloride concentration on the 
catalytic peak current was examined. The results shown in Fig.4-4(A) indicate that the 
peak current sharply increased at 0.02 mol L-1 hydrochloric acid to give a maximum. 
In the subsequent experiments, 0.02 mol L-1 hydrochloric acid was chosen as the 
optimum concentration. As shown in Fig.4-4(B), the Te(IV) peak current increased 
gradually with potassium chloride concentration and reached its maximum value at 20 
g L-1. Chloride ion is known to stabilize metal ions and their species in bulk solution  
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Fig.4-4 Effect of HCl and KCl concentration on OSWCSV peak current. 
(A) 100 µg L-1 Bi(III) + 10 µg L-1 Te(IV) + 20 g L-1 KCl; (B) 0.02 mol L-1 HCl + 100 µg L-1 Bi(III) 
+ 10 µg L-1 Te(IV); deposition potential, -400 mV; deposition time, 30 s. 
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and/or at electrode surface. The results in Fig.4-4(B) are also consistent with literature; 
chloride ions play roles in the catalytic electrode process. Further measurements were 
carried out with a potassium chloride concentration of 20 g L-1. 
 
2.3 Effect of Bi (III) concentration 
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 Fig.4-5 Effect of Bi(III) concentration on OSWCSV peak current. 
0.02 mol L-1 HCl + 10 µg L-1 Te(IV) + 20 g L-1 KCl; deposition potential, -400 mV; deposition 
time, 30 s. 
 
The effect of Bi(III)concentration on the OSWCSV peak current of 10 µg L-1 Te(IV) 
was investigated. As can be seen in Fig.4-5, the peak current was found to decrease as 
Bi(III) concentration increased from 10 µg L-1 to 400 µg L-1. The addition of Bi(III) at 
higher concentrations decreased the reduction of Te(IV)➝Te(0) followed by the 
adsorption of tellurium onto the electrode surface, resulting in a decrease of the 
OSWCSV peak current due to H2Te evolution at –1200 mV. Furthermore, our 
preliminary studies showed that no OSWCSV response was observed in the absence 
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of Bi(III). In this study, 100 µg L-1 Bi(III) was added to the test solutions. 
 
2.4 Effect of deposition potential and deposition time 
 
The effect of deposition potential on OSWCSV peak current was investigated in the 
range of -100 mV to -600 mV vs. Ag/AgCl. The results shown in Fig.4-6 (A) indicate 
that the peak current gradually increased at deposition potentials between -100 and 
-300 mV and had a maximum at an applied potential of -400 mV. Positive deposition 
potentials such as -100 mV, made less bismuth-film and reactive species formed on 
the working electrode surface resulting in low response. However at more negative 
potentials above -500 mV, the peak current decreased sharply, probably due to the 
reduction of tellurium directly to H2Te. 
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Fig.4-6 Effect of deposition potential and deposition time on OSWCSV peak current. 
0.02 mol L-1 HCl + 100 µg L-1 Bi(III) + 10 µg L-1 Te(IV) + 20 g L-1 KCl. (A) deposition time, 30 s. 
(B) deposition potential, -400 mV.  
 
As can be seen from Fig.4-6 (B), the catalytic peak current increased linearly with 
deposition time. Longer deposition times resulted in much more adsorption of 
tellurium on the working electrode. In order to enable ultra-traces determination of 
tellurium, a deposition potential of -400 mV and a deposition time of 30 s were 
chosen in this study. 
 
2.5 Calibration curve and detection limit 
 
Using the optimized experimental conditions, the calibration curves for Te(IV) 
determination were constructed by OSWCSV at different deposition times. Although 
an S-shaped curve with 30 s deposition time was obtained as shown in Fig.4-7(A), the 
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linear relationships held over the concentration ranges of 0.01 ~ 0.10 µg L-1 (r2 = 
0.9945) and 0.10 ~ 1 µg L-1 (r2 = 0.9910). The relative standard deviation was 3% (n 
= 5) at 0.1 µg L-1 Te(IV). The detection limit calculated as 3σ from a calibration point 
at 10 ng L-1 of Te(IV) was 1 ng L-1 Te(IV) with 30 s deposition time, being 
comparable with or lower than those obtained by other stripping voltammetric 
methods. Considerably low detection limits lower than sub-ppt orders are expected to 
be obtained with longer deposition times. The calibration curve obtained with a 
shorter deposition time of 10 s, as shown in Fig.4-7(B), was linear over the 
concentration range of 1.0 ~ 16.0 µg L-1 (r2 = 0.9900).The 3σ detection limit was 0.03 
µg L-1.  
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Fig.4-7 Calibration curves for Te(IV) determination by OSWCSV with deposition time. 
(A) 30 s and (B) 10 s. 0.02 mol L-1 HCl + 100 µg L-1 Bi(III) + 20 g L-1 KCl; deposition potential, 
-400 mV. 
 
2.6 Interference  
 
The effect of foreign ions on the OSWCSV determination of 1.0 µg L-1 Te(IV) by 
the proposal method was investigated at a range of concentrations. The tolerance 
levels were 0.1 µg L-1 for Cu(II), Hg(II) and Pb(II), 0.2 µg L-1 for Ca(II) and W(VI), 
1.0 µg L-1 for Se(IV), As(III), Sb(III), Zn(II), Fe(III) and Cd(II), respectively. The 
following metal ions were tested at the 10 µg L-1 level and found not to affect the 
response of 1.0 µg L-1 Te(IV): Mn(II), V(V), Sn(II), and Mo(VI). No interference was 
also observed for Na(I), Mg(II), Al(III), Co(II), Ni(II), NO3-, SO42-, H2PO4- at a 
1000-fold amount, and the same for NH4+ at a 100-fold amount. The presence of 
L-cysteine, sodium dodecylbenzene sulfonate, polyethyleneglycol 
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mono-p-nonylpheny ether, and EDTA were permissible at 0.1 mg L-1, 1.0 mg L-1, 
0.01 mg L-1, and 0.001 mg L-1, respectively. The presence of most organic compounds 
should be avoided for real sample analysis.  
 
Table 4-1 Interferences of foreign ions 
 
Foreign inorganic ions Tolerance limit (µg L-1)a, b 
Cu(II), Hg(II), Pb(II) 0.1 
Ca(II), W(VI) 0.2 
Se(IV), As(III), Sb(III), Zn(II), Fe(III), Cd(II) 
Mn(II), V(V), Sn(II), Mo(VI) 
1 
10 
a 1.0 µg L-1 Te(IV) taken. 
b Within ±10% error. 
 
2.7 Sample analyses 
 
At established experimental parameters, the proposed OSWCSV method was 
adapted for synthetic and real sample analyses by the standard addition and 
background subtraction method. Synthetic samples (Models 1-3) spiked a known 
amount of Te(IV) were analyzed, and good recovery more than 98% was obtained 
(Table 4-2). As tellurium is an extremely rare element on earth and can hardly be 
detected in natural waters, seawater and river water samples spiked a known amount 
of Te(IV) were analyzed (Fig.4-8). The recovery tests with percentages more than 
98% indicate that this method is applicable to real water sample analyses. 
 
60 
-1400 -1200 -1000 -800 -600
-120
-100
-80
-60
-40
-20
0
C
ur
re
nt
 (µ
A
)
Potential (mV)
6
 
 
5
2
3
4
1
 
Fig.4-8 OSWCSV curves for Te(IV) determination of seawater. 
(1) 0.02 mol L-1 HCl + 20 g L-1 KCl, (2) (1) + 100 µg L-1 Bi(III), (3) (2) + seawater (with the 
addition of 0.2 µg L-1 Te(IV) standard solution), (4-6) (3) + addition of 20 ng L-1 Te(IV); 
deposition potential, -400 mV; deposition time, 30 s. 
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Table 4-2 Analytical results of Te(IV) determination in synthetic and real water samples 
 
Samples 
Spiked Te(IV) in 
samples (µg L-1) 
Experimental results 
(µg L-1) 
Recovery 
(%) 
Correlation 
coefficient (r2) 
Model 1 0.050 0.049 98 0.9965 
Model 2 0.200 0.196 98 0.9997 
Model 3 2.000 2.140 107 0.9922 
0.200 0.196 ± 0.02 98 ± 10 0.9998 
Seawater 
1.000 1.027 ± 0.08 103 ± 8 0.9952 
0.200 0.203 ± 0.02 102 ± 10 0.9958 
River water 
1.000 0.975 ± 0.04 98 ± 4 0.9912 
 
 
3 Summary 
 
The proposed OSWCSV method enables tellurium determination at trace levels by 
utilizing the co-deposition of Bi(III) and Te(IV) onto the edge-plane pyrolytic graphite 
substrate. The detection limit was estimated to be 1 ng L-1 Te(IV) based on the 3σ 
method. The coastal seawater and river water samples could be analyzed with good 
recovery.  
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 4-2 Determination of tellurium (IV) by anodic stripping 
voltammetry with in-situ plated bismuth film electrode 
 
 
1 Experimental  
 
All chemicals used were of analytical reagent grade, and all solutions were 
prepared with deionized and distilled water. The Bi(III) stock solution was prepared 
by dissolving BiCl3 (Wako Pure Chemical Industries, Co. Ltd., Tokyo, Japan) in 0.5 
mol L-1 hydrochloric acid. The other metal ion solutions were prepared by diluting 
their standard solutions (1000 mg L-1) with 0.01 mol L-1 hydrochloric acid. All the 
stock solutions were stored in refrigerator at 2 °C. 
A BAS Model CV-50W voltammetric analyzer (Bioanalytical system, USA) was 
employed for measurements of cyclic voltammetry (CV) and Osteryang square wave 
anodic stripping voltammetry (OSWASV). Unless otherwise stated, the settings for 
OSWASV measurements were as follows: 4 mV step potential; 25 mV square wave 
amplitude; 15 Hz frequency; 10 s rest time prior to anodic scan. An edge-plane 
pyrolytic graphite disk (3.0 mm diameter, BAS) as working electrode substrate. A 
platinum wire counter electrode and a Ag/AgCl (sat. KCl) reference electrode were 
also used. 
The edge-plane graphite electrode surface was cleaned by polishing with aluminum 
oxide slurry and next with a piece of filter paper. The treated electrode was then 
immersed in 1.0 mol L-1 hydrochloric acid for 1min, and rinsed with water. After each 
voltammetric measurements, the working electrode was treated as described above 
and reactivated each time at 800 mV for 30 s.  
The established procedures for the determination of Te(IV) by OSWASV were set 
as follows: an aliquot (5.0 mL) of standard Te(IV) or sample solution was placed into 
a 10-mL cell; the reagent solutions were then added to the test solution, and the total 
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volume was finally made up to 10.0 mL with water; the equilibrium concentrations of 
added reagents except Te(IV) were adjusted to 0.02 mol L-1 hydrochloric acid, 2 mg 
L-1 Bi(III), 15 g L-1 potassium chloride solution; The Te(IV) was initially reduced at a 
potential of -400 mV for 180 s in a stirred and non-deaerated solution; After 10 s rest 
time, OSWASV measurements were carried out by scanning the electrode potential 
from -400 to 800 mV to the positive direction. 
A coastal seawater (Mikuni, Fukui, Japan) and a river water sample (Kuzuryu, 
Fukui, Japan) samples were taken up, the samples were filtered through a 0.45 µm 
membrane filter and acidified to 0.02 mol L-1 hydrochloric acid. All samples were 
analyzed by the standard addition and background subtraction method. 
 
 
2 Results and discussion   
2.1 Electrochemical behavior of tellurium on the bismuth–film 
electrode 
 
The electrochemical behavior of Te(IV) on an in-situ Bi-film modified edge plane 
graphite electrode was investigated by cyclic voltammetry (CV) and Osteryoung 
square wave anodic stripping voltammetry (OSWASV). As shown in Fig. 4-9(A), 
typical CV curves(1, 2) were obtained for 0.02 mol L-1 hydrochloric acid and the 
blank solution containing 2 mg L-1 Bi(III) in the same acid solution, respectively.  
With the addition of 10 µg L-1 Te(IV), a new stripping response signal was observed 
at about 440 mV. As shown in Fig. 4-9(B), with the absence of Bi(III) in the solution, 
there was a small stripping peak observed at 440 mV in the presence of 10 µg L-1 
Te(IV); however, after the addition of 2 mg L-1 Bi(III), the characteristic stripping 
peak was greatly enhanced. This indicates that the presence of Bi(III) improved Te(IV) 
stripping response on the electrode substrate. The stripping peak current observed at 
440 mV was directly proportional to the initial concentration of Te(IV) taken at  
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Fig.4-9 Cyclic voltammograms (A) and OSWASV curves (B) for Te determination. 
(A) (1) 0.02 mol L-1 HCl + 15 g L-1 KCl, (2) (1) + 2 mg L-1 Bi(III), (3) (2) + 10 µg L-1 Te(IV); 
deposition potential, -400 mV; deposition time, 90 s; scan rate (mV s-1), 100. (B) (1) 0.02 mol L-1 
HCl + 15 g L-1 KCl, (2) (1) + 10 µg L-1 Te(IV); (3) (2) + 2 mg L-1 Bi(III); deposition potential, 
-400 mV; deposition time, 180 s.  
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around µg L-1 concentration levels or below; the proposed OSWASV method enables 
determination of traces of Te(IV) in natural water. 
 
2.2 Effect of hydrochloric acid and potassium chloride concentration 
 
The influence of hydrochloric acid and potassium chloride concentration upon the 
analytical signal was examined. Fig.4-10(A) depicts the variation in the OSWASV 
peak current with the hydrochloric acid concentration. Te(IV) peak current reached its 
maximum value at 0.02 mol L-1 hydrochloric acid, and then decreased along with 
increasing concentration of HCl. Further studies were conducted utilizing an HCl 
concentration of 0.02mol L-1. As shown in Fig.4-10(B), the Te(IV) OSWASV 
response obtained its maximum value at 15 g L-1 potassium chloride. Further 
measurements were carried out with KCl concentration of 15 g L-1.  
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Fig.4-10 Effect of HCl and KCl concentration on OSWASV peak current. 
(A) 2 mg L-1 Bi(III) + 10 µg L-1 Te(IV) + 10 g L-1 KCl; (B) 0.02 mol L-1 HCl + 2 mg L-1 Bi(III) + 
10 µg L-1 Te(IV); deposition potential, -400 mV; deposition time, 180 s. 
 
2.3 Effect of Bi(III) concentration  
 
The effect of Bi(III) concentration on the OSWASV peak current of 10 µg L-1 
Te(VI) was investigated in the presence of 0.02 mol L-1 HCl and 15g L-1 KCl. As seen 
from the Fig.4-11, the Te(IV) peak of OSWASV increased as Bi(III) concentration 
increased, and reached its maximum at 2 mg L-1. The addition of Bi(III) at higher 
concentrations increases the reduction and adsorption of Te(IV) species onto the 
electrode surface, which resulted in increase of the response due to Te(VI). Further 
OSWASV measurements were carried out with a Bi(III) concentration of 2 mg L-1. 
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Fig.4-11 Effect of Bi(III) concentration on OSWASV peak current. 
0.02 mol L-1 HCl + 10 µg L-1 Te(IV) + 15 g L-1 KCl; deposition potential, -400 mV; deposition 
time, 180 s. 
 
2.4 Effect of deposition potential and deposition time 
 
The effect of deposition potential upon the stripping peak current for 10 µg L-1 
Te(IV) was investigated over the range -100 mV to -600 mV. Variation of the 
deposition potential showed (Fig.4-12(A)) that the Te(IV) peak height increased 
sharply at deposition potentials between -100 and -300 mV, and had a maximum at an 
applied potential of -400 mV. 
Variation of deposition time indicated that the peak current linearly increased. 
Longer deposition times result in much more adsorption of Te(IV) species on the 
working electrode, improving the analytical sensitivity and therefore enabling 
ultra-traces determination of Te(IV). In this study, a deposition potential of -400 mV 
and a deposition times of 180 s were chosen. 
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Fig.4-12 Effect of deposition potential and deposition time on OSWASV peak current. 
0.02 mol L-1 HCl +2 mg L-1 Bi(III) + 10 µg L-1 Te(IV) + 15 g L-1 KCl. (A) deposition time, 180 s. 
(B) deposition potential, -400 mV.  
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2.5 Calibration curve and detection limit 
 
Under the recommended experimental conditions, the calibration curves were 
constructed for the determination of Te (IV) by OSWASV at a deposition time of 180 
s. As shown in the Fig.4-13, the linear relationship between anodic peak current and 
Te(IV) concentration was obtained over the concentration range from 0.1 ~ 1.0 µg L-1 
(r2 = 0.9926) and 1.0 ~ 10.0 µg L-1 (r2 = 0.9984). The relative standard deviation was 
3.9% (n = 8) at 5.0 µg L-1 Te(IV).The detection limit calculated as 3σ from calibration 
point at 0.1 µg L-1 Te(IV) was 0.048 µg L-1 Te(IV) at a deposition time of 180 s.  
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Fig.4-13 Calibration curves for Te(IV) determination by OSWASV. 
0.02 mol L-1 HCl + 2 mg L-1 Bi(III) + 15 g L-1 KCl; deposition time, 180 s; deposition potential, 
-400mV; (A) 0.1 ~ 1.0 µg L-1 Te(IV); (B) 1.0 ~ 12.0 µg L-1 Te(IV). 
 
2.6 Interference  
 
Under the optimized conditions, the effect of the foreign ions on the OSWASV 
determination of 5.0 µg L-1 Te(IV) was studied at a range of concentrations. The 
tolerance levels shown in Table 4-3 were 0.1 µg L-1 for Pb(II), Hg(II) and As(III), 1.0 
µg L-1 for Se(IV) and Cu(II), and 10 µg L-1 for W(VI) and Mo(VI), respectively. 
Metal ions such as Fe(III), Sb(III), and V(V) were tolerable at amounts up to 0.4µg 
L-1, 3.0 µg L-1, and 5.0 µg L-1, respectively. Other metal ions like Na(I), Cd(II), Co(II), 
Ni(II) , Mn(II), Zn(II) had no effect at 2000-fold amounts. No interference was found 
for H2PO4-, NO3- and SO42- at 1000-fold amounts relative to 5.0 µg L-1 Te(IV). 
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Table 4-3 Interferences of foreign ions 
 
Foreign inorganic ions Tolerance limit (µg L-1)a, b 
Pb(II), Hg(II), As(III) 0.1 
Fe(III) 0.4 
Se(IV), Cu(II) 1 
Sb(III) 3 
V(V) 5 
W(VI), Mo(VI) 10 
a: 5.0 µg L-1 Te(IV) taken.  
b: Within ±10% error. 
 
2.7 Sample analyses 
 
Table 4-4 Analytical results of Te(IV) determination in real water samples 
 
Samples 
Spiked Te(IV) in 
samples (µg L-1) 
Experimental results 
(µg L-1) 
Recovery 
(%) 
Correlation 
coefficient (r2) 
2.000 1.889 95 0.9997 
Seawater 
4.000 3.968 99 0.9989 
1.000 0.942 94 0.9991 
River water 
2.000 2.035 102 0.9914 
 
At established experimental parameters, the proposed OSWASV method was 
adapted for real sample analyses by the standard addition and background subtraction 
method. As tellurium is an extremely rare element on earth and can hardly be detected 
in natural waters, seawater and river water samples spiked a known amount of Te(IV) 
were analyzed (Fig.4-14). The recovery tests with percentages more than 94% 
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indicate that this method is applicable to real water sample analyses. 
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Fig.4-14 OSWASV curves for Te(IV) determination of seawater. 
(1) seawater (0.02 mol L-1 HCl + 15 g L-1 KCl), (2) (1) + 2 mg L-1 Bi(III), (3) (2) +2 µg L-1 Te(IV), 
(4-6) (3) + addition of 1 µg L-1 Te(IV); deposition potential, -400 mV; deposition time, 180 s. 
 
 
 
3 Summary 
 
The proposed OSWASV method enables Te(IV) determination at trace levels by 
utilizing the co-deposition of Bi(III) and Te(IV) onto the edge-plane pyrolytic graphite 
substrate. The detection limit was estimated to be 0.048 µg L-1 Te(IV) based on the 3σ 
method with 180 s deposition time. The coastal seawater and river water samples 
could be analyzed with good recovery.  
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